The correlation between the kinetic stability of molecules against temperature and variations in their geometric structure under optical excitation is investigated by the example of different organic pheromone molecules sensitive to temperature or ultraviolet radiation using the density functional theory. The kinetic stability is determined by the previously developed method based on the calculation of the probability of extension of any structural bond by a value exceeding the limit value L мах corresponding to the breaking of the bond under temperature excitation. The kinetic stability calculation only requires the eigenfrequencies and vibrational mode vectors in the molecule ground state to be calculated, without determining the transition states. The weakest bonds in molecules determined by the kinetic stability method are compared with the bond length variations in molecules in the excited state upon absorption of light by a molecule. Good agreement between the results obtained is demonstrated and the difference between them is discussed. The universality of formulations within both approaches used to estimate the stability of different pheromone molecules containing strained cycles and conjugated, double, and single bonds allows these approaches to be applied for studying other molecules.
Introduction
The transmission of information by insects is carried out with the help of special odorous substances called pheromones [1] . For most insects, pheromones consist of several components, belonging to different classes of substances. For example, moths of the family Geometridae of the insect order Lepidoptera use as pheromone unsaturated straight-chain hydrocarbons containing 17-21 carbon atoms or their oxygen-containing derivatives (Fig. 1a) , for xylophagous insects of the order Coleoptera most of the compounds belong to the group of terpenes and terpenoids (Fig. 1b) .
The stability of pheromone molecules, i.e., their lifetime under the action of external factors, including irradiation, heating, and chemical interaction with air components, determines, to a great extent, the efficiency of insect chemical communication. The pest insect population fecundity on the one hand, and the beneficial insect population decline on the other hand, determine the importance of universal theoretical methods for estimating the effect of external factors on insect chemical communication based on recognition of pheromone molecules by insects of the opposite sex before the decay of such molecules under ultraviolet (UV) optical irradiation and heating. Due to the huge diversity of insect species using multicomponent mixtures of organic compounds as pheromones, the lifetime of such molecules should be estimated using theoretical techniques [4] [5] [6] [7] [8] [9] , since the experimental investigations of the properties of pheromone molecules known to date are nearly impossible.
In [9] , we studied the effect of humidity and light on pheromone molecules of xylophage insects using the density functional theory (DFT) calculations based on the B3LYР method.
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In the present work, we estimate the temperature stability of pheromone molecules using the nanostructure kinetic stability (KS) technique proposed by us in [10, 11] and successfully applied for estimating the KS and experimental yield of molecules of different fullerenes and carbon nanotubes [10] and simple saturated hydrocarbon molecules [11] . The insect pheromone molecules, which have a limited lifetime and are easily destructed by external factors, can serve as references for testing our KS calculation technique. To perform the complex estimation of the stability of different pheromone classes against temperature and light, we compared the probabilities of breaking of the weakest bonds in molecules and their lengths calculated using the KS technique, as well as the variations in the geometry of molecules under light excitation.
Experimental
Here, we employ our theoretical kinetic stability (KS) model, which was proposed first and applied to studying some fullerenes and carbon nanotubes in [10] . The model is based on calculating the probability of nanostructure bond breaking via determining the normal vibrational modes and using the central limit theorem. The main features of the initial KS model were described in detail in the Supporting information, part S1. The normal vibrational modes were found using the force matrix calculations and the subsequent calculations of all vibrational eigenvalues and eigenvectors. According to the KS model, the probability P destr of the molecule's weakest bond breaking corresponds to the molecule lifetime: the high probability is indicative of the short lifetime of the molecule and vice versa. Alternatively, the high or low value of the inverse quantity P −1 destr is indicative of the high or low molecule's lifetime, respectively.
Here, we only point out that the KS is based on the assumption that the extension of any chemical bond connecting two atoms is a joint result of the effect of a great number of vibrational modes, with each mode making a minor contribution to the displacement of the atoms connected by the bond. Under these conditions, it is reasonable to use the central limit theorem (CLT) of statistics. Using the CLT, we can calculate the probability of the bond breaking P destr when the bond between atoms n and m is broken if the change of bond length Δ R ! n; m; t ð Þ> X max , where X max is the maximum bond length. At that the probability of the bond breaking can be written as:
where erfc(x) = 1-erf(x), erf(x)-error function, and the total vari- iances over all the vibrational modes k, which can be easily calculated using the vibrational mode eigenvector k and eigenvalues and temperature T.
The maximum chemical bond extension in all the calculations was taken to be L мах = Х мах -L 0 = 0.98A, where L 0 is the equilibrium bond length. This value L мах was determined in our work [10] devoted to the KS calculations of some small linear hydrocarbon and benzene molecules at high temperatures. The L мах value was determined by fitting of the molecule total energy (U(r)) profile under the bond extension by the quadratic function. The KS values predicted by our model were found to be qualitatively consistent with the relative experimental abundance of some fullerenes and nanotubes of different chiralities. Here, we present the KS model, which was applied to some pheromone molecules.
The pheromone molecule geometry was optimized by the quantum chemical DFT technique using the B3LYP method [12] [13] [14] in the cc-pVDZ basis of the GAMESS program [15] ; after that, the KS was analyzed via calculating the Hessian for the molecule ground state. To estimate the most probable changes in the geometry of molecules under photoexcitation, we optimized the geometry in the excited state by the timedependent TD/B3LYP/cc-pVDZ technique [16, 17] . The B3LYP functional is one of the most popular; it yields good agreement between the calculated parameters of organic compounds and the experiment [18] [19] [20] [21] . The correlation consistent cc-pVDZ basis set allows one to correctly describe bond lengths, valence angles, dipole moment, electron density Fig. 1 a Pheromone of the willow beauty Peribatodes rhomboidaria Denis & Schiffermüller, moth of the family Geometridae of the insect order Lepidoptera [2] ; b Pheromone of the black pine beetle Monochamus galloprovincialis Oliv., xylophagous insect of the order Coleoptera [3] distribution, and other structural and spectral characteristics of organic molecules [22, 23] .
The structure of natural molecules can be affected by temperature and solar radiation. The terpene molecules exposed to the UV radiation can pass to the excited state; in this case, the bond lengths and valence angles in molecules change, the bonds can break, and the molecular cycles can open. After that, the modified molecules can further transform to a new substance [24] . The stability of molecules against various external factors can be estimated using the approach based on quantum-mechanical calculations.
Most compounds belong to the terpene and terpenoid groups [25] [26] [27] related to the resin odorous substances. The species specificity of terpenes is determined by the structural and optical isomers. The geometrical parameters of molecules ( Fig. 2) do not allow atoms to freely exchange by their positions and, consequently to form different conformers. For the investigations, we chose pheromones of three xylophage insect species, which are dangerous for forest, specifically, bark beetles Ips typographus L., black fir tree beetles Monochamus urussovi Fish., and black pine beetles Monochamus galloprovincialis Oliv. belonging to the Coleoptera order. The complex and diverse structure of the Coleoptera pheromones (Fig. 2 ) allowed us to analyze the applicability of the KS technique for different chemical compounds.
The Ips typographus pheromone contains 2-methyl-3-buten-2-ol, cis-verbenol, trans-verbenol, 2-phenyl-ethanol, myrtenol, and trans-myrtenol. The Monochamus urussovi pheromone contains five substances without oxygen-bearing ones: 1S-alpha-pinene, 1R-alpha-pinene, S-3carene, R-limonene, and alpha-terpinolene. The Monochamus galloprovincialis pheromone consists of the three main components: ipsenol, α-pinen, and 2-methyl-3-buten-1-ol [3, [28] [29] [30] [31] [32] [33] [34] . Systematic names of pheromone molecules are given in Table 1 .
Results and discussion
To analyze the effect of temperature on the pheromone structure, we divided the molecules of the chosen insects into three groups (Fig. 3) according to their structural type: acyclic (group I), monocyclic (group II), and bicyclic (group III). The data obtained by calculating the temperature effect on the atomic structure of pheromone molecules were compared with the calculated data on the effect of light. To analyze the effect of temperature on the stability of different pheromone molecules, we calculated the effective frequencies of breaking of the weakest bonds in a molecule. To do this, we used Eq. (1) for calculating the probabilities of breaking of each bond in a molecule, i.e., the probabilities of the fact that the change in the bond length in a molecule exceeds the Bmaximum^bond extension L мах = 0.98 A. Table 1 (second column) gives the probabilities of breaking of the weakest bonds in a molecule under heat fluctuations for different pheromone classes. All the probabilities are normalized to the probability of breaking of the weakest bond (the probability of its breaking is given in parenthesis). The table data are given for the bonds with the breaking probability of no less than 0.01 of the probability of breaking of the weakest bond. The normalized probabilities of breaking of the weakest double bonds in a molecule are marked with the asterisk. The calculated temperature effect (second column) on the pheromone molecule geometry is compared with the calculated effect of light. The equilibrium lengths of the calculated weakest bonds are given in the third column.
The fifth column gives the bond length variations for the corresponding molecule after its photoexcitation. Sign + indicates the increase in the bond length after photoexcitation of a molecule; negative values indicate the decrease in the bond length. The rightmost column shows whether the bond length variations in the excited state coincide with the data of analysis of vibrations. Analysis of the vibrational modes allowed us to estimate the role of temperature in the breaking of chemical bonds. The calculated excited state of molecules makes it possible to characterize the effect of solar radiation on the pheromone structure. The group-I acyclic molecules 2-methyl-3buten-2-ol ( Fig. 3 I-a, I -b) and 2-methyl-3-buten-1-ol (Fig. 3 I-c, I -d) contain one double bond each; the strongest structural variations under excitation of molecules are observed in the multiple bond region. In the ipsenol molecule (Fig. 3 I-e, I -f) containing a system of conjugated double bonds, the structural changes in the multiple bond region under excitation are not stronger than the changes in the single bond length. As expected, the Hessian analysis did not show significant vibrations of double bonds, unlike the case of single bonds. Therefore, upon vibrations, the bonds with the maximum length can easily break. In the 2-methyl-3-buten-1-ol molecule, the change in the С2-С3 bond length comparable with the change in the double bond length coincides with the place of the most probable structural changes in the analysis of vibrations (Table 1 ). In the ipsenol molecule, the strongest changes in the length of single bonds in the structure also coincided with the calculated Hessian data, although the probability of variations in the С5-С6 and С5-С7 bond lengths is lower than the probability of variations in the С4-С5 bond length (Table 1) .
Carbon atoms are marked in blue, oxygen atoms are marked in red, hydrogen atoms are marked in gray.
Group 2 includes monocyclic pheromone molecules. In the 2-phenyl-ethanol molecule, the strongest change in the bond length under excitation is observed between atoms С7-С8 + is the increase in the bond length under photoexcitation, and -is the decrease in the bond length under photoexcitation; L*, Å is the bond length in the ground state in angstrom; + L ex , Å is the bond length in a molecule in the excited state in angstrom;
Δ L & , Å is the difference between the bond lengths in the ground and excited states in angstrom. Fig. 3 Atomic structure of xylophage pheromone molecules in the ground and excited states. Group 1 includes acyclic molecules; group 2, monocyclic molecules; and group 3, bicyclic molecules (Fig. 3 II-a, II-b) ; the temperature effect also changes the С7-С8 bond the most (Table 1) . After absorption of the light quantum, the bonds inside the benzene ring of the 2-phenylethanol molecule slightly change (Fig. 3 II-b) , while the temperature excitation does not affect the benzene ring. In alphaterpinolene ( Fig. 3 II-c , II-d) containing two isolated double bonds, both the photo-and temperature excitations change the length of the single С5-С7 and С4-С6 bonds included in the hexatomic cycle. The С5-С7 bond increases by 0.041 А and the С4-С6 bond decreases by 0.038 А ( Table 1 ). The strongest change in the bond length after absorption of light is observed for the double С2-С4 bond, which is not included in the cycle (Fig. 3 II-d) . In the R-lemonen molecule (Fig. 3 II-e, II-d) , the temperature excitation will, most probably, lead to the change in the lengths of single С2-С5 and С1-С2 bonds included in the cycle, while the photoexcitation does not change the length of these bonds ( Table 1) . Absorption of light leads to the extension of double bonds by 0.076 А inside the cycle and by 0.106 А beyond it. Similar to the case of acyclic pheromone molecules, the absorption of light in cyclic molecules changes most strongly the structure of multiple bonds, while the heat radiation affects single bonds. Group 3 consists of bicyclic pheromone molecules. Figure 3 shows only three molecules of this type. Since the structural variations in the alpha-pinene, cis-verbenol, mytrenol, trans-verbenol, 1R-alpha-pinene, and 1S-alphapinene molecules under irradiation are similar, Fig. 3 only shows the alpha-pinene molecule.
The thermal vibrations in the trans-mytrenol molecule (Fig.  3 III-a, III-b) will most probably lead to the breaking of the С3-С7 and С7-С1 bonds included in both the tetratomic and hexatomic cycle. Since the initial С3-С7 bond length is 1.573 А and the С1-С7-С3 angle is 85°instead of the angle 109°t ypical of the sp 3 -hybridized orbitals, we may assume that the change in the bond length is related to the breaking of one of the bonds and opening of the strained tetratomic cycle. Upon radiation absorption, the С5-С1 bond included only in the hexatomic cycle extends by 0.318 А. Photoexcitation will, most likely, lead to the opening of the hexatomic cycle, while the tetratomic cycle remains invariable, in contrast to the case of the temperature effect (Table 1 ).
In the alpha-pinene (Fig. 3 III-c, III-d) , cis-verbenol, mytrenol, trans-verbenol, 1R-alpha-pinene, and 1S-alphapinene molecules, the maximum elongations of a single bond included in the hexatomic and tetratomic cycle under the temperature and photoexcitation are the same (Table 1) , despite the presence of double bonds in the structure. The geometry of molecules in the excited state is indicative of the possibility of opening of the strained tetratomic cycle with the retained hexatomic cycle in the structure (Fig. 3 III-c, III-d) . The breaking of the single bond at the opening of the cycle without additional interaction with other substances (air components) can lead to the electron density redistribution and formation of a double bond in the monocyclic molecule.
The calculation showed that in 3S-caren (Fig. 3 III-e, III-f), both the photo-and temperature excitations lead to the lengthening of the С3-С6 bond included in the hexatomic and triatomic cycles ( Table 1 ). The bond length increases under photoexcitation by 0.308 А, which is noticeably smaller than in the molecules with the tetratomic and hexatomic cycles. At the opening of the tetratomic cycle in the previously investigated compounds, the hexatomic cycle was retained, while the breaking of the С3-С6 bond in 3S-caren should lead to the formation of the heptatomic cycle in the excited state (Fig. 3 III-f) . The atomic structure of a molecule in the excited state can return to the initial state; therefore, despite the growth of the С3-С6 bond length, the initial structure will, most probably, be retained.
Due to the presence of strained cycles [35] , many terpene compounds tend to the thermal isomerization. The temperature transformations are accompanied by the opening of the tetratomic cycle or tetratomic and hexatomic cycles simultaneously. Figure 4b shows a schematic of the thermal decomposition [35] and Fig. 4a , a calculated schematic of the atomic structure variation.
According to the calculation, in the alpha-pinene molecule both under the photo-and temperature excitation, the single С6-С7 bond length increases (under photoexcitation, by 1.194 А). Thus, the experimental data on the thermal isomerization of a molecule caused by the bond breaking and opening of the tetratomic cycle are consistent with the data obtained using the technique of determination of the KS of molecules at high temperatures. Fig. 4 Isomerization of the alpha-pinene molecule: (а) calculated data and (b) data from [35] Conclusions Analysis of the terpene molecules is of great importance for ecology, since these molecules represent pest insect pheromones, and, in addition, can be used in the perfumery industry. Using the quantum chemical methods, we studied the excited state and calculated the bond vibrations for the organic molecules containing the strained cycles and conjugated, double, and single bonds. We estimated the effect of temperature on the atomic structure by the kinetic stability technique. The approaches used allowed us to estimate the stability of molecules against solar radiation and temperature. The temperature excitation of the unsaturated acyclic and monocyclic compounds will, most probably, change the single bond lengths, while the photoexcitation affects first the multiple bonds and leads to their elongation. In the unsaturated bicyclic terpenes, the photo-and temperature excitations lead to the analogous structural transformations, specifically, to the probable breaking of the single bond included in both cycles and opening of the tetratomic cycle at the retained hexatomic one. The analogous thermal isomerization reaction in the alpha-pinene molecule was described in the literature, which confirms the reliability of the calculated data. Thus, there are two possible parallel mechanisms of deactivation of the calculated molecules: under solar radiation and under the action of temperature.
Our analysis can be interesting for ecological application, since it allows, first, estimating the stability of pheromones and, second, predicting the features of chemical communication of insects. Since for the species searching for a mate at night time, i.e., at low temperatures and minimum electromagnetic radiation intensity, the pheromone molecules can start decomposing in the beginning of the daylight under the action of, i.e., UV radiation, and continue decomposing with an increase in the air temperature during the day, the concentration of molecules by the next night will be minimum. The characteristic lifetime of pheromone molecules of the insects searching for a mate during the daytime, i.e., at the strong electromagnetic radiation and high air temperature, can be short. This can limit the radius of attraction of mates to the insects producing pheromones. Thus, the characteristic lifetime of pheromone molecules will determine the mechanism of pheromone search and the type of molecules that can be used as pheromones.
